Treponema phagedenis Kazan 5 is a spirochete with multiple periplasmic flagella attached near each end of the cell cylinder. Dark-field microscopy revealed that most of the cell is right-handed (helix diameter, 0.23 ,um; helix pitch, 1.74 jim), and the ends appear bent. These ends could move and gyrate while the central part of the cell remained stationary. The present study examines the basis for the bent-end characteristic. Motility mutants deficient in periplasmic flagella were found to lack the bent ends, and spontaneous revertants to motility regained the periplasmic flagella and bent-end characteristic. The length of the bent ends (2.40 jim) was found to be similar to the length of the periplasmic flagella as determined by electron microscopy (2.50 j,m). The helix diameter of the bent ends was 0.57 jum, and the helix pitch of the bent ends was 1.85 ,um. The periplasmic flagella were short relative to the length of the cells (15 ,um) and, in contrast to the reports of others, did not overlap in the center of the cell. Similar results were found with T. phagedenis Reiter. The results taken together indicate that there is a causal relationship between the bent-end morphology and the presence of short periplasmic flagella. We report the first three-dimensional description of spirochete periplasmic flagella. Dark-field microscopy of purified periplasmic flagella revealed that these organelles were left-handed (helix diameter, 0.36 ,um; helix pitch, 1.26 ,um) and only 1 to 2 wavelengths long. Because of a right-handed cell cylinder and left-handed periplasmic flagella along with bent ends having helix diameters greater than those of either the cell cylinder or periplasmic flagella, we conclude that there is a complex interaction of the periplasmic flagella and the cell cylinder to form the bent ends. The results are discussed with respect to a possible mechanism of T. phagedenis motility.
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Treponema phagedenis is a right-handed, helically shaped motile spirochete (25, 26, 29-31, 47, 52) with the ends reportedly left-handed (29) (moving away from an observer, a right-handed helix spirals clockwise [CW] , and a lefthanded helix spirals counterclockwise [CCW] ). The outermost layer of the cell is a membrane sheath, and within this sheath are four to eight periplasmic flagella (PFs) attached subterminally at each end of the helical cell cylinder (25-27, 31, 52) . Multiple protein species are associated with most spirochete PFs (4, 7, 9, 17, 31, 32, 39, 41, 46, 49, 53) . Several lines of evidence, including immunogold (31) , epitope bridging (46) , and analogy to related spirochete PFs (9, 17, 53) , suggest that T. phagedenis PFs consist of a core composed of two to four proteins of approximately 33,000 to 34,000 Da and a surface protein of approximately 39,000 Da (41) . N-terminal amino acid and DNA sequence analyses indicate that the core proteins of the PFs of T. phagedenis, Treponema pallidum, and Spirochaeta aurantia show a high degree of homology to one another and, to a lesser extent, to flagella of other bacteria (7, 12, (40) (41) (42) (43) . 16S rRNA sequence analysis indicates that T. phagedenis has a close evolutionary relationship with other spirochetes. It is most akin to the main spirochete branch, which includes T. pallidum, Treponema denticola, Spirochaeta stenostrepta, and Spirochaeta zuelzerae (44, 45) .
Compared with our knowledge of Salmonella typhimurium and Escherichia coli (see references 6, 34, and 35 for recent reviews), little is known about the motility of spiro-* Corresponding author. chetes (see reference 21 for a recent review). S. aurantia has been proposed to swim by a mechanism whereby the PFs rotate between the sheath and the cell cylinder (2, 11, 21) in a manner analogous to flagellar rotation in rod-shaped bacteria (6, 34, 35, 51) . According to this model, the rotation causes the cell cylinder to roll in one direction and the outer membrane sheath to rotate in the opposite direction (2) . Both translating and nontranslating cells are observed: translating cells are believed to result from the PFs rotating in the same direction and nontranslating cells are believed to result from the PFs rotating in the opposite direction (20) (we adopt the frame of reference of viewing a swimming cell from the posterior toward the anterior end along the cell axis).
Members of the family Leptospiraceae swim by a mechanism that is somewhat different from that proposed for S. aurantia but that still assumes that the PFs rotate between the outer membrane sheath and the cell cylinder (3, 11, 13, 21, 22) . In the Leptospiraceae, the single PF attached subterminally at each end of the cell cylinder is coiled and does not overlap in the center of the cell with the other PF (5, 10, 26) . Translating cells have spiral-shaped anterior ends and hook-shaped posterior ends (3, 13, 21, 22) ; the ends of nontranslating cells are either both hook shaped or both spiral shaped (3, 13, 21) . Motility mutants which concomitantly had an altered cell morphology and PF shape were isolated. The PFs from these mutants no longer coiled, and the ends of these mutant cells were straight (10) . These results led to a model of Leptospiraceae motility (3), and recent evidence supports this model (13, 21, 22) .
In the model of Leptospiraceae motility (3, 21) , the shape of the cell ends is determined by the shape and direction of PFs and flageliar isolation. The method of isolating T. phagedenis PFs has previously been described (31) . S. typhimurium flagella were isolated by the method described by Aizawa et al. (1) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and two-dimensional gel electrophoresis of purified PFs and S. typhimurium flagella were carried out as previously described (31, 41) . The purity of these preparations was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (31, 34) , two-dimensional gel electrophoresis (41) , and electron microscopy (31) .
Electron microscopy. All observations were made with a JEOL 100CX electron microscope. Cells were partially disrupted by using a technique similar to that reported previously (10, 31 washed with saline for 30 s. All measurements were calibrated to electron micrographs of latex beads of known diameter (Duke Scientific, Palo Alto, Calif.). Electron micrographs were enlarged 22,500 times, and PFs and cell lengths were measured with a map measurer. Computerassisted analyses of PF length and wave form were also done. Images were digitized by tracing on a HIPAD digitizing tablet (Houston Instruments, Austin, Tex.). Each PF image was stored as a set of points 0.05 ,um apart derived by linear interpolation from the entered points. Each final set of points was averaged from five tracings of the same image. To analyze PF wave form, the average value of the angles of the two line segments joining a point to the two adjacent points was taken as the tangent angle at that point. The distance between points (0.05 p.m) divided by the difference between the tangent angles of two adjacent points was taken as the radius of curvature halfway between those points. Sudden increases in radius were used to locate transitions between bends for estimates of wavelengths.
Video microscopy. Cells were videotaped by placing 10 ,ul of cells onto a slide and then covering the cells with a 22-mm2 cover glass with silicone grease along two of its edges. Cells were videorecorded by using a Leitz Ortholux microscope with a 10Ox objective, a Sony CCD camera, and a Sony VO-5800H 3/4-inch (ca. 1.9-cm) video cassette recorder. Cells were illuminated with a 200-W mercury arc lamp with a heat barrier filter. The lengths of the bent ends were determined as follows. Cells occasionally adhered spontaneously to a glass surface. The bent ends of the cells would move, and the central part of the cells would remain stationary. The bent-end length was measured from the point on the cell cylinder where the motion ceased to the tip of the cell. This region also correlated with a marked change in helix configuration. To measure the lengths of cells and bent ends, still frames were traced onto plastic transparency sheets (Write-on film; 3M, St. Paul, Minn.; 14). Cell lengths and bent-end lengths were measured with the aid of a map measurer calibrated to a video recording of a substage micrometer. Lengths are defined as distances measured along images rather than along helix axes. Photographs of still frames from the video monitor were taken with T-MAX 35-mm ASA 100 film (Kodak, Rochester, N.Y.).
Photomicroscopy. Photographs were taken and analyzed by techniques similar to those described previously (22) . For photographs of live T. phagedenis, a cover glass supported on two sides with a mixture of Vaseline and paraffin was placed on a slide and a drop of cells in growth medium was allowed to flow under the cover glass. Cells in PYG-RS were photographed with stroboscopic illumination at a magnification of x625, with the film moving through the camera to produce single-flash exposures. For light microscopy of flagellar bundles, the stroboscope was running at 10 flashes per s and about 7 (24, 38, 50) . The suspension was covered with a cover glass supported on two sides, and the bundles next to the cover glass were photographed at a magnification of x800 with the film stationary. Microscopic sectioning was carried out as described by Shimada et al. (50) . The sense of winding of a helix was determined by the direction of slant of portions of the helix in photographs focused above or below the helix axis. Helix diameter and pitch are defined as previously described (22; Fig. 1 ). The radius of curvature was calculated from dark-field micrographs as previously described (22) . Lengths of sine waves of a given amplitude and wavelength were computed by numerical integration.
RESULTS
Morphology of wild-type T. phagedenis. Dark-field microscopy of logarithmic-phase cells revealed that wild-type T. phagedenis Kazan 5 had a right-handed helix throughout most of the length of the cell (29; Fig. 2, top) 19) .
Close examination of logarithmic-phase cells indicated that T. phagedenis Kazan 5 had a characteristic morphology with bent ends in greater than 90% of logarithmic-phase cells ( Fig. 2, top; Fig. 3 ). The morphology of these bent ends varied from cell to cell and even from one end of a cell to the other. These ends were consistently larger in wave form than the remainder of the cell cylinder and were generally 1 to 2 wavelengths long. CCW), with the central part of the cell remaining stationary (Fig. 3) .
Morphology of motility mutants. T. phagedenis Kazan 5
PF motility mutants T-40 and T-55, which fail to make PFs (31), were examined by dark-field microscopy ( Fig. 2 , middle and bottom). These mutants were also right-handed, with a helix pitch and diameter similar to those of the wild type. T-40 had a maximum helix diameter of 0.26 + 0.03 p.m and a pitch of 1.65 ± 0.09 p.m (n = 12), while T-55 had a maximum helix diameter of 0.28 ± 0.04 pum and a pitch of 1.58 + 0.15 p.m (n = 8) ( Table 1 ). Both mutants were considerably longer than the wild type and often grew in chains. However, mutants T-40 and T-55 were found to lack the bent-end morphology of the wild type. All six spontaneously occurring revertants to motility, which also regained the PFs (31), recovered the bent-end morphology. These results suggest that the presence of the PFs influences the shape of the cell ends. Electron microscopy of partially disrupted cells. To understand the relationship between bent-end morphology and PF structure, the outer membrane sheaths of the cells were gently disrupted to free the PFs for visualization and characterization. Electron microscopy revealed that the PFs were considerably shorter than one-half the length of the cell cylinder, indicating that these organelles do not overlap in the center of the cell (Fig. 4) . Free or broken PFs were not observed. We measured PFs which extended directly from the tip or at approximately right angles to the cell cylinder. The length of the PFs was 2.50 + 0.60 ,um (Table 1 ; range, 1.17 to 3.00 ,um; n = 50 PFs) and was essentially identical to those of purified PFs (2.51 ± 0.55 p.m [n = 12] ). These results suggest that the length of the PFs was similar to the length of the bent ends (Table 1) ; moreover, the wavy appearance of the PFs indicates that these filaments had a defined shape. The PFs were approximately 1 to 2 wavelengths long. The peak-to-peak amplitude of the PFs was 0. Characterization of PFs by dark-field microscopy. To characterize the helical nature of the PFs, purified PFs were examined by dark-field microscopy in the presence of methylcellulose (24, 38, 50) . As a control, we compared our results with those for purified flagella from S. typhimurium LT-2 ( Table 1) . As can be seen in Fig. 5 , the PFs were considerably shorter than the flagella of S. typhimurium. As with S. typhimurium flagella, the PFs were left-handed ( values reported in the literature (34) . The length and brightness of the PF bundles were quite variable. The faintest ones were about 1.5 wavelengths long, indicating that the longer and brighter ones were bundles containing variable numbers of PFs (24, 38, 50) .
Analysis of T. phagedenis Reiter. Previous reports on the analysis of other strains of T. phagedenis differ from those reported here. Hovind Hougen reported that the PFs overlapped in the center of the cell in two strains of T. phagedenis, including T. phagedenis Reiter (25, 26) . We checked whether the results with T. phagedenis Kazan 5 were directly applicable to T. phagedenis Reiter. We found that these two strains were morphologically similar on dark-field and electron microscopic examination. Dark-field microscopy revealed that T. phagedenis Reiter was right-handed and had irregular bent ends (length of bent ends, 2. These PFs were found to be left-handed by dark-field examination (not shown).
DISCUSSION
The spirochete strains used in this study have a long history. T. phagedenis Kazan 5 was isolated by Karimova and Kondratjev in 1940 in Russia (16), and T. phagedenis Reiter was isolated in the 1920s at the Kaiser-Wilhelm Institute in Berlin (15, 57) . Several Treponema strains were isolated at the Institute in Berlin, but it is not known which of these is strain Reiter (15, 57) . Although T. phagedenis Kazan 5 and Reiter were believed to cause syphilis (15, 16, 57) , DNA hybridization experiments indicate that they are markedly different from T. pallidum (37, 52) . Kazan strains 2, 4, 5, and 8 and strain Reiter show a high degree of DNA-DNA homology with one another (37, 52) and have similar nutritional requirements and serological specificity (52) . T. phagedensis Kazin 5 and Reiter have identical immunoreactivity with respect to PF antisera on Western blots (immunoblots) (32) .
The microscopy results reported here for T. phagedenis Kazan S and Reiter differ from those reported by others. Hovind Hougen found that the PFs overlap in the center of the cell for two T. phagedenis strains (25, 26) , whereas we found that the PFs are considerably shorter than one-half the length of the cells. In addition, although Cox observed by dark-field microscopy that T. phagedenis Kazan 8 showed helix irregularity primarily at the cell ends (19) , he reported that T. phagedenis Reiter showed helix irregularity along the length of the cell. We find that both Kazan 5 and Reiter showed helix irregularity primarily at the cell ends.
It is difficult to understand the basis for the differences between our results and those of others. One possible explanation is that differences exist among the T. phagedenis stock cultures. We recently obtained two other stock cultures of T. phagedenis Reiter from another laboratory. Cells from one of these stocks were morphologically identical and serologically similar to the one obtained from D. Thomas; all were agglutinated by a T. phagedenis Kazan S antiserum. The cells from the other stock culture were considerably smaller, showed helix irregularity along the entire length of the cell, and failed to be agglutinated by the T. phagedenis Kazan 5 antiserum. Moreover, the DNA from this stock culture had a pulsed-field gel electrophoretic pattern markedly different from those of the other two Reiter stock cultures and the Kazan 5 strain (33) . Because strain Reiter and the several Kazan strains share extensive immunocrossreactivity (16, 52) , we suspect that this latter stock culture was mislabeled. These results suggest that the differences we observed between our results and those of others could be related to variations in stock cultures between laboratories.
The short PFs we observed by electron microscopy of (54) . These results also suggest that there are regions of the cell in which the PFs do not overlap.
Our results suggest a positive relationship between the presence of PFs, the bent-end morphology, and motility. Motility mutants which lacked the PFs failed to show the bent-end characteristic. All revertants to motility that regained the PFs recovered the bent-end morphology. In addition, the length of the bent ends as determined by dark-field microscopy (2.40 ,Lm) approximated the length of the PFs as determined by electron microscopy (2.50 ,um; Table 1 ). These results taken together suggest a causal relationship between the PFs and the bent ends.
Kayser (29) reported that the bent ends are uniformly left-handed. Although we did see some ends that appeared left-handed, on many cells the bent ends appeared planar or irregular. Because there are multiple PFs at each end of the cell (25, 26, 31, 52, 53) , these PFs could interact with one another and the cell cylinder in such a manner that the bent end would show a fair amount of variability. In addition, the flagella of S. typhimurium and E. coli change their helix pitch and handedness as a result of applied torque (34, 36, 50) . We expect that major changes in PF shape occur as a result of different directional rotational forces applied to these organelles.
There apparently is a complex interaction of the PFs and the cell cylinder to cause the end of the cells to bend. Although the bent ends and PFs are both approximately 1 to 2 wavelengths long, the shape of the bent ends was not exactly the same as the helical forms of either the cell cylinder or the PFs. The helix of the cell cylinder is righthanded, and the PFs are left-handed ( Table 1 ). The helix diameter of the bent ends (0.57 ,um) is larger than that of both the cell cylinder (0.23 ,um) and the PFs (0.36 ,um). In addition, the helix pitch of the bent ends (1.85 ,um) is larger than that of the PFs (1.26 ,um) . Thus, the bent ends are not strictly dictated by the shape of the PFs. Further analysis which defines the position of PFs within the cell will be necessary to precisely determine how the bent ends are formed.
What do the results presented here suggest? Bacterial flagella propel the organisms by rotation (6, 34, 35, 51) . We observe that the bent ends gyrate in either direction. These results suggest that, as proposed for S. aurantia and the Leptospiraceae, the PFs rotate between the sheath and the cell cylinder in T. phagedenis, causing the end of the cell to gyrate in either direction. T. phagedenis translates poorly if at all in PYG-RS medium but translates with no slippage in a gellike medium (56) . In the Leptospiraceae, the cell rolls in one direction and the ends gyrate in the opposite direction. The torque due to the rolling of the cell cylinder is balanced by the gyration of the ends of the cell in the opposite direction (3, 13, 21, 22) . As with the Leptospiraceae, we believe that the PFs of T. phagedenis are more rigid than the cell cylinder and in part dictate the shape of the cell ends. Apparently, there is insufficient thrust due to the gyration of the anterior end in T. phagedenis to allow for translation in low-viscosity media. Rolling of the cell cylinder, however, allows T. phagedenis to swim through a gellike medium. Further experiments will be necessary to determine whether the motility model (3) developed for the Leptospiraceae directly applies to T. phagedenis and other spirochetes.
